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1 Introduction 
 A key parameter providing the frictional contributions of 
polymers of different architecture (linear, star, hyperbranched, 
etc.) in diluted solutions is the intrinsic viscosity, [], which 
measures the polymer´s ability to increase the viscosity of a 
solvent.1,2 The intrinsic viscosity is defined as the ratio of the 
increase in the relative viscosity (/s ) by the polymeric solute 
to its concentration c in the limit of infinite dilution: [] = 
𝑙𝑖𝑚𝑐→0(𝜂 − 𝜂𝑠)/𝑐𝜂𝑠. In the former expressions  and s are the 
viscosities of the solution and the pure solvent, respectively. 
 Even if a huge amount of work has been devoted to 
investigate the flow properties in dilute solution of polymers 
with complex topologies like star, hyperbranched, and 
dendrimeric polymers, no systematic analysis has been carried 
out yet for the case of single-chain polymer nanoparticles 
(SCNPs), which are individual polymer chains collapsed to a 
certain degree by means of intramolecular bonding. SCNPs are 
unimolecular soft nano-objects in the sub-20 nm range with 
potential applications in catalysis, sensing and drug delivery.3-6 
Very recently, SANS and SAXS measurements,7-9 as well as 
complementary coarse-grained MD simulations,10,11 have 
revealed that SCNPs in solution adopt open, sparse 
morphologies resembling those of intrinsically disordered 
proteins with locally compact portions connected by flexible 
segments. The effect of the complex, non-controllable topology 
of SCNPs on the behaviour of their intrinsic viscosity seems a 
highly non-trivial problem, given the deep impact already 
observed in systems of controllable architecture as, e.g., linear, 
star, or dendrimeric polymers.  
 In the case of linear polymers, the Zimm model12 provides a 
convenient support to the well-known Fox-Flory equation: [] 
= (61/2Rg)
3/M, which relates [] with the radius of gyration, 
Rg, and the molecular weight, M. The factor  is a universal 
constant.1,2 By assuming a power-law dependence of the 
polymer size on the number of monomers, Rg  M
 (i.e., self-
similarity, fractal behavior), the Fox-Flory equation leads to the 
Mark-Houking-Sakurada (MHS) equation: [] = KM
a, where 
K and a = 3- 1 are constants for a given polymer-solvent 
pair.2 The exponent a in the MHS equation is a constant whose 
value depends on the macromolecular architecture and the 
solvent quality. Linear polymers in -solvent adopt gaussian 
conformations (= 0.5), and therefore a = 0.5. Linear polymers 
in ideal good solvent conditions are self-avoiding random walks 
scaling with the Flory exponent F ≈ 0.59.
1,2 Accordingly, the 
expected scaling exponent for [] in good solvent is a ≈ 0.76.  
 Star polymers with different arm numbers also follow the 
MHS equation. For this particular polymer architecture, the 
value of the exponent in the MHS equation is very similar to 
that displayed by linear chains of the same chemical nature,12-14 
and must be identical in the limit of large molecular weight.2 
However, for a fixed value of M, the value of [] decreases  
upon increasing the arm number f, because of the inverse 
dependence of the star size on f. This behavior has been 
observed for star polymers both in -solvent15,16 and good 
solvent conditions.15,17   
 Hyperbranched polymers with long spacer length also 
follow the MHS equation18 indicating that these chains with 
such particular topology are fractal objects.2,18 For these 
systems, the exponent in the MHS equation takes values below 
0.5 (e.g., 0.39 for hyperbranched PS chains with long spacers) 
and vary with the molecular weight of the spacer.18 For fixed 
M, [] increases on increasing the spacer length. For 
comparison, hyperbranched polymers with short spacer length 
show values of the exponent a in the range of 0.3 - 0.5.19  
 Dendrimeric polymers, on the contrary, are not self-similar 
and they do not follow the MHS equation.20,21 In fact, 
dendrimeric polymers usually show a maximum (i.e., bell-
shaped curve) in the classical [] vs. generation number (G) 
plot. This has been explained on the basis of the Einstein´s 
result22 for hard spheres, []  VH/M, and simple scaling 
arguments for M and the hydrodynamic volume VH. Namely, 
the molecular weight in dendrimeric polymers with a branch 
multiplicity B increases exponentially with G according to M  
BG, whereas the hydrodynamic volume grows with G as VH  
G3. Therefore, the intrinsic viscosity scales as [] G3/BG, 
which is a nonmonotonic function in the generation number. 
Thus, [] for dendrimeric polymers shows a maximum at G = 
3/ln(B).23,24  
 SCNPs in solution, according to recent SANS and SAXS 
experiments as well as complementary MD simulations, behave 
as fractal objects25 following a power-law relation RH = KH M
, 
where RH is the hydrodynamic radius and KH is a system-
dependent constant related to the statistical segment size.1,2 The 
particular value of the scaling exponent  shows some 
dependence on the amount of reactive cross-linker (X-linker) 
functional groups in the precursor.25 For instance, poly(methyl 
methacrylate) (PMMA)- and poly(styrene) (PS)-SCNPs 
synthesized from precursors with 20 mol% of X-linker 
functional groups, showed -values of 0.48 and 0.50, 
respectively, when using RH data from size exclusion 
chromatography (SEC) measurements. On the other hand, PS-
SCNPs synthesized from precursors with 5, 15 and 30 mol% of 
X-linker functional groups displayed -values of 0.52, 0.49 and 
0.47, respectively.  
 Based on these results, in this work we derive simple 
scaling power-laws between [] and M as a function of the 
amount of X-linkers. Next, we perform a comparison of the 
values of [] derived from these expressions to experimental 
data available for a variety of SCNPs of different chemical 
nature. Finally, a quantitative comparison is performed of [] 
values for SCNPs and for low-functionality star, hyperbranched 
and dendrimeric polymers, of the same chemical nature and 
molecular weight, in order to unravel the effect of the 
nanoscopic architecture on the flow properties of diluted 
solutions of polymers with different architectures. We find that, 
as a consequence of their complex nanoscopic architecture, the 
intrinsic viscosities of SCNPs are systematically smaller than 
those of linear chains and low-functionality stars. When 
compared with hyperbranched and dendrimeric polymers, a 
complex behaviour is found, this being highly dependent on the 
molecular weight and the amount of X-linkers of the SCNP. 
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Fig. 1. Evolution of the ratio of the exponent , in the power-law RH = KH M


of 
SCNPs, to the corresponding value of the precursor, as a function of the X-linker 
amount in the precursor for: PS-SCNPs (blue circles), and PMMA-SCNPs (blue 
squares). RH data were obtained from SEC measurements (see ref. 25). Data from 
MD simulations of a generic bead-spring model for SCNPs10 are extracted from 
<Rg
2>1/2  M fits, and are also shown for comparison (orange squares).  
 As revealed by MD simulations10,11 and consistently with 
scattering experiments,7-11,25 SCNPs in solution adopt open, 
sparse morphologies resembling those of intrinsically 
disordered proteins with locally compact portions connected by 
flexible segments. This is confirmed by compiling literature 
data for hydrodynamic radii of SCNPs,25 which are consistent 
with scaling exponents similar to those of chains in -
solvent or intrinsically disordered proteins, and rather different 
from those of globular proteins ( ~ 1/3). The precise value of 
the exponent  shows some dependence on the amount of X-
linkers. Figure 1 shows the ratio of the value of the exponent  
for PMMA- and PS-SCNPs to that of the corresponding 
precursors, as a function of the X-linker amount in the 
precursors. The exponents have been obtained by fitting SEC 
results to a power-law RH = KH M
 (see ref. 25 and Table 1). 
Data obtained from MD simulations concerning the dependence 
of <Rg
2>1/2 on M are also included in Figure 1 for comparison, 
by assuming that the dependences of <Rg
2>1/2 and RH on M are 
similar.10,11   
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 Table 1. Parameters of the RH and [] scaling power-laws, for PMMA- and 
PS-SCNPs as a function of the X-linker amount in the precursor.a   
  
RH = KH M
 []calc = KM
a

 
Entry SCNP 
type 
X-linker 
amount 
(mol%) 
KH  K a 
1 PMMA 10 1.67×10-2 0.52 2.94×10-2 0.56 
2 15 1.93×10-2 0.50 4.53×10-2 0.51 
3 20 1.94×10-2 0.50 4.61×10-2 0.50 
4 25 2.01×10-2 0.49 5.12×10-2 0.47 
5 PS 10 1.92×10-2 0.51 4.46×10-2 0.53 
6 15 2.04×10-2 0.49 5.35×10-2 0.47 
7 20 2.12×10-2 0.48 6.01×10-2 0.44 
8 25 2.18×10-2 0.47 6.53×10-2 0.41 
a RH and M data obtained from SEC measurements (ref. 25).  
 
  
A good agreement is observed between experimental and 
coarse-grained MD simulation data, supporting that the 
behavior illustrated in Figure 1 is a general behavior for 
SCNPs. The plateau at large X-linker fraction is related to local 
globulation events that take place during SCNP formation. As 
recently discussed,10,11,25 increasing the amount of X-linkers 
beyond some level just increases the number of these events, 
which are inefficient for global folding, and hence do not 
further lower the scaling exponent of the SCNP. 
 As mentioned above, the analysis of the SEC data for the 
SCNPs provides the values of KH and  in the scaling law RH = 
KHM
. On the other hand, the intrinsic viscosity is related to the 
viscosimetric radius R) through the Einstein viscosity law
1,2: 
[] = (10/3NA(R
3/M). By combining the former expressions 
with the usual approximation R ≈ RH we obtain the effective 
MHS equation [] = KM
a, where K= (10/3NAKH
3 and a = 
3- 1. Hence, by using the experimental values of KH and  we 
can predict the molecular-weight dependence of the intrinsic 
viscosity of the SCNPs. The predicted values of Kand a for 
PMMA- and PS-SCNPs, as a function of the amount of reactive 
X-linker functional groups in the precursor, are summarized in 
Table 1. In what follows we will denote the values of the 
intrinsic viscosity calculated by this simple approach as []calc, 
to distinguish them from the experimental data directly 
measured by viscosimetry, []exp. 
 Figure 2 shows a comparison between theoretical, []calc, 
and experimental data,26-28 []exp, of several SCNPs of different 
chemical nature. As can be seen, there is a reasonable 
agreement between []exp and []calc data for []exp > 5 ml/g, 
with an average standard deviation between both data sets of 12 
%, which may be attributed to the approximation of using RH 
data instead of R data for the calculation of []calc. 
 
 
Fig. 2. Comparison of experimental intrinsic viscosity data, []exp,
26-28 vs. 
theoretical values []calc for SCNPs of different chemical nature and molecular 
weight (see text and Table 1) The line corresponds to the case []calc  []exp. 
Error bars for the experimental data are comparable to the size of the symbols.   
 
Fig. 3. Data for the reduced viscosity, red= (-s)/cs, as a function of the 
concentration c, for PMMA-SCNPs with the same X-linker fraction of 15 % but 
different molecular weight (orange diamons: 150 kDa; orange circles: 100 kDa), 
and for their corresponding precursors (blue diamons: 150 kDa; blue circles: 100 
kDa). The experimental viscosimetry data were reported by Beck et al. in ref. 26, 
and have been sampled from Fig. 4 of that work. As usual, the experimental 
intrinsic viscosity is determined as the value of the reduced viscosity in the limit 
of zero concentration, c = 0, by fitting the data to the Huggins equation
1,2
 red = 
[]exp +k([]exp)
2
c. This leads to the intriguing result
26
 that the []exp values for the 
SCNPs are very similar despite being very different for the corresponding 
precursors. This observation is nicely captured (solid lines) by the simple model 
employed in this work. The lines are obtained by using the theoretical values of 
[]calc (see main text) in the Huggins equation, with a typical factor
31 k = 1. For 
the SCNPs we use Kand a from entry 2 of Table 1.  
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 The agreement between []exp and []calc is expected to be 
improved significantly by using more elaborated theoretical 
approaches as, e.g., the recently developed partially permeable 
sphere model.29-30 Still, the use of a simple model treating 
SCNPs in solution as spheres of effective hydrodynamic radius 
RH, and assuming RH ≈ R provides a straightforward 
explanation to the observation by Beck et al.26 of very similar 
values of [] for PMMA-SCNPs that are synthesized from 
precursors having very different molecular weights and 
consequently very different values of [] (see Figure 3).  
 
3 Comparison of the intrinsic viscosity of SCNPs vs. 
star, hyperbranched and dendrimeric polymers  
 The particular nanoscopic architecture of SCNPs accounts 
for the intriguing viscosity behaviour shown by these nano-
objects in dilute solution, which can be clearly appreciated in 
Figure 3. More interesting is, however, the comparison of [] 
values of SCNPs versus the [] values of star, hyperbranched 
and dendrimeric polymers of the same chemical nature and 
molecular weight. This comparison aids to unraveling the effect 
of the complex topology of SCNPs on the flow properties of 
their diluted solutions.  
 The different panels in Fig. 4 compare experimental results 
for the intrinsic viscosity of SCNPs (blue symbols) and the 
mentioned branched polymers (low-functionality stars, 
hyperbranched and dendrimers; orange symbols) with the same 
chemical structure. Error bars for the experimental data are 
comparable to the size of the symbols. The blue lines in the 
panels represent the theoretical intrinsic viscosities []calc 
provided by the employed model for the SCNPs, and computed 
from entries in Table 1 (see caption of Fig. 4 for details). We 
include theoretical results ranging from a "lower limit" of X-
linker fractions of interest (~ 10 mol %) to large fractions 
approaching the plateau in the ratio SCNP/precursor (see Fig. 1). 
The green lines are the experimental power-laws []exp obtained 
from viscosimetry measurements of the corresponding linear 
polymers.   
 Fig. 4a compares the [] vs. M behavior of PMMA-
SCNPs26,28 and 6-arm PMMA stars.32 The star-shaped materials 
were synthesized by Chen et al. through group transfer 
polymerization using phosphazene base, showing very narrow 
molecular weight distribution (1.06 < Ð < 1.16).32 As can be 
seen in Fig. 4a, at any given value of M the SCNPs display 
significantly lower values of [] when compared to 6-arm 
PMMA stars of the same mass (e.g., for M ≈ 100 kDa, 
[]exp(PMMA-SCNPs) ≈ 18 ml/g
26 vs. []exp(6-arm PMMA 
stars) ≈ 32 ml/g32). Upon increasing the amount of X-linkers in 
the precursor of the SCNP from 10 mol % (solid blue line) to 
15 mol % (blue dashed line) and to 25 mol % (blue dotted line), 
a progressive decrease in the value of [] is predicted, in good 
agreement with experimental results. A similar behaviour is 
expected for PS-SCNPs when compared to 6-arm PS stars,16 as 
illustrated in Fig. 4b. Once again, a significant reduction in [] 
is predicted upon increasing the amount of X-linkers in the 
precursor from 10 mol% (solid line in Fig. 4b) to 20 mol% 
(dashed line) although, to the best of our knowledge, no 
experimental data are available to validate this trend. 
 Fig. 4c compares the [] vs. M behavior of PMMA-SCNPs 
and fractionated hyperbranched (HB)-PMMA chains 
synthesized by Simon et al. through self-condensing group 
transfer copolymerization.33 We observe that at low molecular 
weight (M < 100 kDa) SCNPs have lower values of [] when 
compared to those of HB-PMMA chains of equivalent M (e.g., 
for M ≈ 25 kDa, []exp(PMMA-SCNPs) ≈ 8 ml/g
28 vs. 
[]exp(HB-PMMA chains) ≈ 12 ml/g
33). Conversely, due to the 
lower value of the a exponent in the MHS equation for HB-
PMMA chains when compared to SCNPs, the opposite 
behavior is expected at very high values of M. Once again, a 
similar behavior is predicted for PS-SCNPs although in this 
case the molecular weight at which the MHS equations of HB-
PS chains18 and SCNPs (10 mol% X-linker in the precursor) 
cross each other is >106 Da (Fig. 4d). 
 The behavior of dendrimeric polymers in dilute solution is 
peculiar since, as mentioned above, a maximum in the [] vs. M 
plot is observed for these nano-objects (see Fig. 4e and 4f).34,35 
As a consequence, even if SCNPs of relatively low molecular 
weight have values of [] similar or even lower than those of 
dendrimeric polymers of equivalent M, upon increasing the 
molecular weight this trend is clearly reversed, as illustrated in 
Fig. 4e and 4f. In particular, the specific value of M at which 
the []-curve of the dendrimeric polymer crosses the line of the 
SCNP strongly depends (varying even an order of magnitude) 
on the amount of X-linkers in the precursor.  
 
4 Conclusions 
SCNPs in solution adopt open, sparse morphologies resembling 
those of intrinsically disordered proteins with locally compact 
portions connected by flexible segments, as revealed by recent 
SANS, SAXS and MD simulations. In this work, a simple 
power-law relation between the intrinsic viscosity [] and the 
molecular weight has been derived for SCNPs, as a function of 
their fraction of X-linkers, by combining the Einstein equation 
for the intrinsic viscosity and experimental SEC data for the 
hydrodynamic radii. It is worth of mention that the own SCNP 
topology leads to a particular Mw-dependence of RH. The 
underlying physics involved, as in any other polymer solution, 
is Zimm-like dynamics with a mapping of the RH-dependence 
of [] through the Einstein model. The good agreement 
between theoretical and experimental values of [] validates 
this approach.  
 The results reported here provide a global picture for the 
intrinsic viscosity of SCNPs in solution. As a consequence of 
their complex nanoscopic architecture, the intrinsic viscosities 
of SCNPs are systematically smaller than those of linear chains 
and low-functionality stars. However, when compared with 
hyperbranched and dendrimeric polymers, a complex behaviour 
is found, this being highly dependent on the molecular weight 
and amount of X-linker sites in the SCNP. 
  
 
 
 
Fig. 4. [] vs. M behavior in tetrahydrofuran (THF) of SCNPs vs. star, hyperbranched and dendrimeric polymers of the same chemical nature. Top panels [(a), (c) and 
(e)] show results for PMMA-based systems. Bottom panels [(b), (d) and (e)] show results for PS-based systems. Symbols in all panels are experimental data. Blue 
symbols in all panels correspond to the SCNPs. Orange symbols correspond to the star [panels (a) and b)], hyperbranched [panels (c) and (d)] and dendrimeric [panels 
(e) and (f)] polymers. Data are obtained from the following references: i) PMMA-SCNPs: ref. 26 (diamonds: X-linker fraction = 15%) and ref. 28 (triangles: X-linker 
fraction = 10%; inverted triangles: X-linker fraction = 20%); ii) PS-SCNPs: ref. 16 (X-linker fraction = 10 %); iii) PMMA-stars and PMMA-hyperbranched: ref. 32; iv) 
PMMA-dendrimeric: ref. 33; v) PS-stars: ref. 16; vi) PS-hyperbranched: ref. 18; vii) PS-dendrimeric: ref. 34. Error bars for the experimental data are comparable to the 
size of the symbols. Green lines in top panels correspond to the experimental behavior of linear PMMA chains in THF: []exp = 10.4 × 10
-3 M0.697 (data from ref. 36). 
Green lines in bottom panels correspond to the experimental behavior of linear PS chains in THF: []exp = 9.96 × 10
-3 M0.734 (data from ref. 37). Blue lines in all panels 
are the theoretical values []calc for the SCNPs, by using values of K and a from Table 1. Namely, for the PMMA-SCNPs (top panels) we have used the entries 1 (solid), 
2 (dashed) and 4 (dotted) of Table 1, whereas for the PS-SCNPs (bottom) we have used the entries 5 (solid) and 7 (dashed). Specifically, solid blue lines are predictions 
for a X-linker fraction of 10 mol% (see Table 1), which can be considered as "lower limit" in the range of X-linker fractions of interest for SCNPs. Dashed and dotted 
blue lines correspond to higher values of the X-linker fraction ( 20 mol%), i.e., approaching the plateau in the ratio SCNP/precursor (see Fig. 1). Orange lines in all 
panels are linear fits (for stars and hyperbranched) or parabolic fits (for dendrimers) of the orange symbols, and are included  for comparison with the theroretical 
curves of the SCNPs (blue lines). 
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